An ultrahigh-purity Ti-45 mol%Al alloy ingot was isothermally hot-pressed along each of the X, Y and Z coordinates at 1473 K. The hot-pressed ingot consisted mainly of very fine recrystallized grains, with an average size of 5 µm. The mechanical properties of this finegrained Ti-Al alloy were examined by tensile test at 293 K, 823 K, and 923 K at strain rate of 1.1 × 10 −4 s −1 in a vacuum of 1.3 × 10 −3 Pa. The ductile-brittle transition temperature (DBTT) was determined by the tensile tests and scanning electron microscope observation of the fracture surfaces of the samples. This ultrahigh-purity Ti-45 mol%Al alloy showed the following excellent high-temperature mechanical properties: (1) The 0.2% proof strength was 486 MPa and elongation at 923 K was 45%. (2) The DBTT was 870 K, which is about 200 K lower than that of conventional binary Ti-Al alloys with similar composition.
Introduction
Ti-Al alloys containing 45 to 50 mol%Al are one of the most promising lightweight and heat-resistant alternatives to conventional heat-resistant steels and super-alloys. It is, however, difficult to process these Ti-Al alloys because of their low ductility and poor workability. For example, the ductilebrittle transition temperature (DBTT) of binary Ti-Al alloys is reported to be about 1070 K; that is, ductility of these alloys is very low at temperatures below 1070 K.
There have been many studies attempting to improve the ductility of Ti-Al alloys. Kawabata et al. 1) reported that the ductility at room temperature improved with increasing purity. Lipsitt et al. 2) investigated the DBTT of a Ti-40 mol%Al (abbreviated hereafter as Ti-40Al) alloy made fine-grained by extrusion. They reported that the specimen tensile-tested at 1073 K showed cleavage and intergranular fracture with some indications of ductility, and the DBTT of the Ti-Al alloy was about 1073 K. Hosomi and Maeda 3) investigated tensile properties of a Ti-48.5 mol%Al (Ti-48.5Al) alloy made finegrained by isothermal hot pressing. These reports showed that grain fining was effective for the improvement of the ductility; however, the Ti-Al alloys used in these reports contained a considerable quantity of impurities, and the ductility of these alloys was low. It is, therefore, very important to investigate the mechanical properties of higher-purity Ti-Al alloys.
The purification of Ti-Al alloys is, however, very difficult. Ti-Al alloys prepared by conventional methods have typically contained a considerable quantity of gaseous and metallic impurities, particularly oxygen at a level of more than 500 mass ppm. 4, 5) It is, therefore, necessary to prepare higherpurity Ti-Al alloys for the clarification of their inherent properties.
Concerning our current research series, Nakajima et al. 6) reported that a high-purity Ti-Al alloy containing only 13 ppm oxygen was prepared by floating-zone melting under ultra-high vacuum (UHV); however, the volume was too small to measure its mechanical properties. Next, they pro- * Present address: Nikko Materials Co., Ltd., Kitaibaraki 319-1535, Japan.
duced an 800 g ingot of Ti-Al alloy by cold-crucible induction melting (CCIM) in UHV; 6) however, the ingot contained 85 ppm oxygen, and metallic impurities in the ingot were not analyzed. Recently we reported on the preparation by coldcrucible induction melting in UHV 7) of a 1 kg ultrahigh-purity Ti-45 mol%Al (Ti-45Al) alloy of more than 99.994 mass% purity after analysis of 40 elements. The oxygen content was 35 mass ppm and the total concentration of metallic and metalloid impurities was less than 9 mass ppm.
The purpose of the present work is to investigate whether mechanical properties of Ti-45Al alloy with fine grains are improved by ultra-purification.
Experimental Procedure
The preparation of the ultrahigh-purity Ti-45Al ingot is described in detail in Refs. 6) and 7). Table 1 shows the composition and total purity of the ultrahigh-purity Ti-45Al alloy. Four non-metallic impurities and thirty-six metallic and metalloid impurities were analyzed by chemical analysis and glow-discharge mass spectrometry (GDMS), respectively. The oxygen analysis of the Ti-Al alloy was carefully performed in the same manner as described in Ref. 6) ; that is, the accuracy was improved by the addition of nickel as an accelerator for complete combustion of Ti-Al alloy. If the analysis of oxygen in Ti-Al alloys is performed by the generally used method, the value obtained is lower than the true value. 6) The purity of the alloy, which was more than 99.994 mass% after analysis of 40 elements, includes the values of the detection limit for all elements.
The ingot was isothermally hot-pressed at 1473 K with pressings along each of the X, Y, and Z coordinates. The key to obtaining an equiaxial fine grain structure by three-step isothermal hot forging (IHF) is to decompose the microstructure as cast and then produce the fine-grained microstructure through dynamic recrystallization. The forging was carried out in the following three steps: A first forging was performed with a strain rate of 1.2 × 10 −3 s −1 to change the ingot structure into a recrystallization structure. The reduction in height was 51%. A second forging was carried out for grain fining with a strain rate of 0.5 s −1 , and reduction in height was 63%. A final forging with a strain rate of 0.5 s −1 , and a reduction in height of 69% completed the process. These forgings were carried out in a vacuum of 7.0 × 10 −3 Pa. Specimens for tensile tests were cut from the hot-forged sample by electro-discharge machining and then mechanically polished. The gauge size of the specimens was w 1.5 × l 7.6 × t 0.7 mm 3 . The tensile tests were performed at 293 K, 823 K, and 923 K with a strain rate of 1.1 × 10
in a vacuum of 1.3 × 10 −3 Pa. Figure 1 shows the optical microstructure of the ultrahighpurity Ti-45Al alloy observed (a) as cast and (b) after isothermal hot forging. The microstructure as cast is a fully transformed lamellar structure composed of α 2 and γ phases. The lamellar grain sizes average about 500 µm in diameter. On the other hand, the microstructure as deformed consists mainly of very fine recrystallized grains, though a deformed lamellar structure partially remains as shown in this Fig. 1(b) . The recrystallized grains are α 2 (Ti 3 Al) and γ (TiAl) phases with equiaxial grains with average diameters of several µm. Deformation twins are observed throughout the specimen. Figure 2 shows a scanning electron image of the ultrahighpurity Ti-45Al alloy observed after isothermal hot forging. Aluminum content of α 2 and γ phases was determined by energy dispersive X-ray spectrometer (EDX) analysis. The positions labeled α 2 and γ in this figure represent the locations of the EDX analysis and the results of phase identification. The results of the EDX analysis are summarized in Table 2 . The average aluminum content of α 2 phase was 38.7%. The average aluminum content of γ phase was 47.0%. This means that the equiaxial grains consist mainly of γ phase. Figure 3 shows stress-strain curves of the ultrahigh-purity Ti-45Al alloy tensile-tested at 293 K, 823 K, and 923 K. At 293 K, the specimen fractured soon after yield. The ultimate tensile strength was 620 MPa, and the elongation was 0.5%. At 823 K and 923 K, work-hardening occurred after yield, and then the specimens fractured after uniform elongation. The ultimate tensile strengths were 860 MPa and 750 MPa, and the elongations 13% and 45%, respectively. Figure 4 shows the optical microstructure of fractured ultrahigh-purity Ti-45Al alloy after tensile test at (a) 823 K and (b) 923 K. Both showed uniform elongation without necking. At 823 K, the reduction in area was 13%. Some grains deformed slightly along the tensile direction throughout the specimen. At 923 K, the reduction in area was 40%. All grains were greatly deformed along the tensile direction. Figure 5 shows scanning electron micrographs of fracture surfaces for ultrahigh-purity Ti-45Al alloy after tensile test at (a) 293 K, (b) 823 K, and (c) 923 K. At 293 K, the fracture surface shows a brittle fracture. This is mostly an intergranular fracture, and partly a cleavage fracture. At 823 K, the fracture surface shows mostly intergranular brittle fracture with some indications of ductility. It was observed that at this temperature partial slip deformation takes place on the intergranular grain facets of the fracture surfaces. At 923 K, many dimples are observed throughout the specimen; that is, the fracture surface shows ductile fracture. Mutou et al. 8) investigated the fracture surfaces of conventional binary Ti-Al alloys hav- ing similar composition to the present sample. While they reported observing some dimpling at 1073 K and dimpling throughout the specimen at 1273 K, in the present ultrahighpurity Ti-Al specimen dimple fracture was observed at 923 K. Figure 6 shows (a) 0.2% proof stress and (b) elongation of Ti-Al alloys as a function of testing temperature. Circles show the data obtained from the ultrahigh-purity Ti-45Al alloy, with the average grain size of 5 µm. Triangles show the data for the Ti-40Al alloy reported by Lipsitt et al.
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2) The average grain size was 25 µm. This alloy contained more than 1000 ppm impurities. Squares show the values for the Ti-48.5Al alloy reported by Hosomi and Maeda.
3) The average grain size was 20 µm. This alloy contained more than 500 ppm impurities. These conventional binary Ti-Al alloys with the average grain size of more than 20 µm and containing more than 500 ppm of impurities have been used in the experiments to improve the ductility. The values for 0.2% proof stress and the elongation of a conventional Ti-45Al alloy are supposed to be located between the values for the Ti-40Al alloy and the Ti-48.5Al alloy. In comparison with these predicted values, those for the present Ti-45Al alloy were remarkably improved. In Fig. 6(a) , the 0.2% proof stress of the present Ti-45Al alloy is higher than that of the conventional binary Ti-Al alloys at temperatures up to 923 K. The strength of metallic materials generally decreases after purification. It is, therefore, thought that the tensile strength of the ultrahigh-purity Ti-Al alloy was improved by grain fining. In Fig. 6(b) , if the temperature corresponding to 20% elongation is defined here to be DBTT, that of the present Ti-45Al alloy is about 870 K, which is lower by about 200 K than that of conventional binary Ti-Al alloys with similar composition.
It has been suggested that tensile ductility may be imparted to brittle intermetallic polycrystals by fining the grains to sizes smaller than a critical value. 9) For example, Schulson and Barker 10) examined the dependence of tensile elongation on grain size in Ni-Al alloy, and reported that the ductility increases dramatically at grain sizes smaller than about 20 µm. Ni-Al alloy, thus, exhibits a critical grain size below which polycrystalline aggregates are ductile in tension. However, for all grain sizes from 8 to 125 µm, fracture occurs in a brittle manner through a combination of intergranular de-cohesion and transgranular cleavage.
In the present work, at 823 K, the fracture surface showed both ductile and brittle fracture. The deformation activity with slip takes place at this temperature, and the elongation is 13%. If the grain size of the ultrahigh-purity Ti-Al alloy were below the critical grain size, its elongation would be much larger. Thus, it was most likely not below the critical grain size, even if this behavior in Ni-Al alloy appears in Ti-Al alloy. On the other hand, the dimple fracture of the ultrahigh-purity Ti-Al alloy was mainly observed at 923 K, though that of the conventional binary Ti-Al alloy was observed at above 1073 K. Thus we conclude that in the present work the DBTT of ultrahigh-purity Ti-Al alloy was improved not by fining the grains but by purification.
Conclusions
The ultrahigh-purity Ti-45 mol%Al alloy with fine grains averaging 5 µm in size showed the following excellent hightemperature mechanical properties:
(1) It showed a high 0.2% proof strength of 486 MPa and a large ductility of 45% at 923 K. (2) Its DBTT was 870 K, which is about 200 K lower than that of conventional binary Ti-Al alloy with similar composition.
